We are going to propose a new method for aquifer vulnerability assessment, named Susceptibility Index-Contamination Degree (SICODE). Starting from the assumption that soil chemistry impacts on infiltration water quality, geochemical tool such as the soil contamination degree index (CD) was combined with hydrogeological parameters in order to enhance previous well-known index (DRASTIC, Susceptibility Index). The study has been carried out at the Campania Plain (CP) aquifer, which mostly supplies the drinking water distribution system of Napoli (Southern Italy). The survey area extends from Mt. Vesuvius to the metropolitan area of Napoli and it can be considered an interesting field laboratory in order to test hydro-geochemical methods and models since both diffuse anthropogenic pollution and natural contamination sources (e.g. interaction processes between groundwater and rock) coexist. Three models have been compared. Our results have showed that DRASTIC is not the best model to be applied to urbanized environments since it does not account for the anthropogenic influence. Susceptibility Index (SI), which incorporates land use parameter, has showed a more detailed map of vulnerability degree and it better answers the local variability of human pressure. However, the proposed SICODE method completely meets the geochemical fingerprint of soil. Sensitivity analysis has revealed a high variability of the parameters due to the local heterogeneity of the analyzed system conditions. A comparison between the groundwater nitrates distribution and the predicted vulnerability has showed that. SICODE gave more accurate predictions than the other ones. This study has provided the evidence that combining hydrogeological and geochemical tools may enhance aquifer vulnerability assessment.
Introduction
Today the preservation and protection of the groundwater resources has become an important issue because groundwater quality has been increasingly affecting negatively by anthropogenic contamination sources (Li et al. 2017) . Human settlement development, waste management, intensive farming and industrial activities are the major threats compromising groundwater quality and quantity (Muhammad et al. 2015) .
Nearly half of the world population depends on groundwater sources for drinking water supply and other uses (Oki and Kanae 2006) . The use of polluted groundwater for domestic or agricultural purposes represents a serious hazard as it could affect human health (FAO 2018) . Indeed it is crucial to assess aquifer vulnerability since it represents a preventive tool for controlling and monitoring groundwater resources contamination (Farjad et al. 2012 ) in order to take proper precautionary measures to protect public health. Vulnerability can be defined as an inherent property of a groundwater system depending on its sensitivity to pollutant (Vrba and Zaporozec 1994) .
The vulnerability of all aquifers to groundwater contamination has led to the creation of groundwater vulnerability models whose aim is quantifying an aquifer's level of intrinsic or specific vulnerability. Many vulnerability assessment techniques have been developed and applied until now by various researchers. However, the choice of the method mainly depends on the available data and the aquifer type (Gupta 2014) . The intrinsic vulnerability, which is function of groundwater hydrogeological features, is classically defined by DRASTIC method (Aller et al. 1985 ). An adaptation of the previous method is represented by a specific (or integrated) vulnerability method, named Susceptibility Index (SI) by Ribeiro (2000) including land use as a parameter. Stigter et al. (2006) reported that SI allows to obtain more reliable results than DRASTIC, although in many areas the vulnerability could be overestimated. Zhang et al. (2016) introduces a specific approach to assess the risk of a landfill for contaminating groundwater resources. It modifies DRASTIC adding a Pollution Factor Index (Pi) which accounts for site-specific parameters such as size of landfill, landfill age and waste compaction conditions. Amongst the authors investigating the intrinsic vulnerability of karst aquifers, Vías et al. (2006) introduced the COP method to assess the intrinsic vulnerability of groundwater resources. Beynen et al. (2012) proposed the KAVI (a specific vulnerability technique) for karst aquifers and assume that land cover is the dominant anthropogenic parameter affecting vulnerability. However, the incorporation of land use/cover parameters is often not able to assess real contamination, since it represents an oversimplification of the environmental conditions of the considered area.
In our opinion, a method able to assess the contamination status of soil media should be implemented since soil chemistry impacts on infiltration water quality and it was never done before. Hence, in this study, we are going to propose a new aquifer vulnerability assessment method, where a geochemical tool (soil contamination degree index) is encompassed in order to enhance specific vulnerability and the potential impacts of local contamination.
The new methodology has been tested in Campania region (Italy), characterized by several elemental soil anomalies of both geogenic and anthropogenic origin (Lima et al. 2003; Cicchella et al. 2005; Zuzolo et al. 2017 Zuzolo et al. , 2018 . Hence, soils can be interested by local elemental enrichment which could affect groundwater geochemistry, regardless of the land use. In addition, the study area is characterized by a wide presence of industrial and agricultural activities combined with a deep urbanization, resulting in a net increase of the water demand and a subsequent reduction of water quality. Indeed, the whole Tyrrhenian coastal plain is affected by severe contamination, regarding the groundwater of both shallow and deeper aquifers (Ducci et al. 2017 ).
The present work aimed at (i) proposing, developing and testing a new method combining hydrogeological and geochemical inputs; (ii) assessing and mapping DRASTIC, SI and SICODE based vulnerability methods; (iii) analysing the influence of single parameters on the overall vulnerability degree, and (iv) validating and comparing the results obtained.
Materials and Methods

Study Area: Geological and Hydrogeological Features
The study area ( Fig. 1 ) covers about 700 km 2 and is located inside the Campania Plain (CP). The CP is a structural depression defined as a wide coastal belt extending from the Volturno River Plain to the Sarno River Basin. This area, including the east sector of Napoli metropolitan area and the southern-most part of the Caserta province, occupies the south-eastern part of the CP (Fig. 1) . Large urban and industrialized settlements and extensive agricultural lands are located inside the study area.
The graben system of the area began to form during the Pliocene and is bounded by Mesozoic carbonate sequence outcropping on the east and south of the plain. During the Pleistocene this structural depression has been filled by voluminous pyroclastic deposits (mainly potassic) proceeding from Campi Flegrei, Vesuvius and the island of Procida and by alluvial (mainly sandy and partly clayey) and marine (mainly silty) sediments characterized by a thickness of thousands meters (Diodato et al. 2013 ). Hence, the aquifer is extremely heterogeneous due to the granulometric variations in the unconsolidated sediments, the rock fissuring degree and complex stratification. The Campanian Ignimbrite, the most widespread pyroclastic-flow deposit of the area, strongly influences groundwater dynamics since it is an aquitard dividing the flow into two overlapping levels. The hydrogeological setting is influenced by the thickness and the physical characteristics of Campanian Ignimbrite, which acts as a semiconfining or confining bed (Ducci 2018) .
However, at a large scale, Campania Plain can be considered a single groundwater body (Ducci 2018) due to the frequent breaks in the continuity of the waterproof horizons and the existence of a "draining flow" in the "semipermeable" (Esposito 1998) . At the boundaries of the plain, the carbonate aquifers are the most important. The Somma-Vesuvius volcano has a radial water table. Travertine, debris and conglomerates lie at the base of the limestone mountains, while approaching the Somma-Vesuvius volcano lava flows, interbedded with pyroclastic deposits, prevail. The piezometric surface highlights a groundwater inflow from NE to SW and the presence of a groundwater drainage axis to east of Napoli (Fig. 1 ). The hydraulic gradient varies from few units per hundreds (at Mt. Vesuvius and Avella Mts.) to few units per thousand (in correspondence with CP). The main contributions to the aquifer recharge are provided by the direct infiltration (mean annual effective infiltration is 59.6 × 10 6 m 3 /y) and by the groundwater inflow from the nearby volcanic and carbonate aquifers (from Somma-Vesuvius: 0,87 m 3 /s, from the Sarno and Avella Mountains: 0,40 m 3 /s) (Esposito 1998) .
The shallow aquifer of the study area is mainly hosted in the volcanic and alluvial sediments, it is mainly recharged by the local infiltration of rainwater but is also fed by lateral inflows coming from volcanic and karsts aquifers at the northern and eastern boundaries of the Campania Plain (Busico et al. 2017 ). The main groundwater outflows from the plain is into the sea. With the exception of agricultural and industrial pumping (approximately 34 × 10 6 m 3 /y) (Esposito 1998) , the other groundwater outflows are water extraction for drinking use from the well fields located in Lufrano and in Acerra (Fig. 1) . These wells mostly supply the drinking water distribution system of Napoli city.
Mapping Vulnerable Areas
Vulnerability methods have been relied on critical factors assigned to each parameter. The groundwater vulnerability assessment for our study area has been pinpointed starting from the application of DRASTIC, a classic parametric system method developed by Aller et al. (1987) for the U.S. Environmental Protection Agency (USEPA). Susceptibility Index method had been also applied and compared with DRASTIC outcomes. Since the two methods have showed some limitations, a new approach was developed by adding the Contamination Degree (CD) parameter to the above methods. In this section the main features of DRASTIC and SI have been reported and the new approach is presented. Parameters and related data sources are shown in Table 1 , while assigned rating and weights are presented in Supplementary Table S1 .
DRASTIC and Susceptibility Index (SI)
The DRASTIC (Aller et al. 1985 (Aller et al. , 1987 index derives from the sum of the values of seven factors (Table 1 ) ranked according to their relative potential influence on contaminant migration toward the aquifer:
where:
Dr ratings to the depth to water table, Dw weights assigned to the depth to water table, Rr ratings for ranges of aquifer recharge, Rw weights for the aquifer recharge, Ar ratings assigned to aquifer media, Aw weights assigned to aquifer media, Sr ratings for the soil media, Sw weights for soil media, Tr ratings for topography, Tw weight for topography, Ir ratings assigned to the vadose zone, Iw weights assigned to the vadose zone, Geologic chart of Italy supported by log and stratigraphic sections realized in Gis (Bellucci 1994, modified) . C Hydraulic conductivity of the aquifer Aquifer chart of Esposito (1998) and relation between aquifer and conductivity of Civita and De Maio (2000) .
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Cr ratings assigned of hydraulic conductivity, Cw weights given to hydraulic conductivity.
DRASTIC and all similar parametric methods start from the assumption that contaminants are sourced from ground surface and conveyed into groundwater by precipitation (Wessel and Greenberg 2016) . The Susceptibility Index (SI) groundwater vulnerability method, developed by Ribeiro (2000) , derives from DRASTIC and it was developed with the aim of assessing the aquifer vulnerability including land use as a parameter.
Abandoning the concept of a purely intrinsic vulnerability assessment method, SI deliberately left out three of the parameters used by DRASTIC: Soil (S), Vadose zone (I) and
Hydraulic conductivity (C) (Stigter et al. 2006) , as given in Eq. 2:
Dr ratings to the depth to water table, Dw weights assigned to the depth to water table, Rr ratings for ranges of aquifer recharge, Rw weights for the aquifer recharge, Ar ratings assigned to aquifer media, Aw weights assigned to aquifer media, Tr ratings for topography, Tw weight for topography, Lr ratings assigned of land use, and. Lw weights assigned of land use.
The Incorporation of Contamination Degree Index: Development of SICODE
The methods described above have been widely used in the last decades, demonstrating to be useful in groundwater vulnerability assessment especially in agricultural areas (Birkinshaw and Ewen 2000; Liu et al. 2005; Stigter et al. 2006 ).
Despite the above, DRASTIC and SI are based on an oversimplified description of the land potential contamination status. A way to account for more detailed information about contamination is the incorporation of geochemical data from the topmost soil layer which is drained by gravitational waters infiltrating into the ground. Starting from SI, the vulnerability assessment method has been improved with the introduction of a geochemical index broadly used in environmental geochemistry (Cicchella et al. 2014; Zuzolo et al. 2017) named Contamination Degree (CD):
Where CF is the ratio between measured concentration (C s ) and a reference background value (C ref ) of single element in each sampled soil (Hakanson 1980) . The method of the contamination factor (CF) evaluates the enrichment in metals and allows to distinguish between natural concentrations of potentially toxic elements (PTE) and the presence of anthropogenic contamination. In this study, the background concentration values has been retrieved from Cicchella et al. (2005) which estimates the reference values for background on the basis of the local volcanic soil geochemistry.
Rating of CD ranges from 0 to 100 as showed in Supplementary Table S1 . CD parameter has been added to the SI method giving it the maximum normalized weight. The use of CD represents an effort to link classic vulnerability methods (considering only intrinsic parameters) with the need of considering the real soil geochemical status.
Soil Geochemical Data
Soil geochemical data, used to calculate the CD, derive from a wider project covering the whole territory of Campania region (Southern Italy) (Zuzolo et al. 2018) .
A total of 1003 topsoil samples falls within the study area, with a nominal density of 1.45 samples per km 2 (Fig. 2 ). Ten PTEs have been chosen to validate the new method (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Sb and Zn) since they are well-known pathfinders of human activities and they represent a main environmental concern because of their potential harmful effects on human health.
GIS and Statistical Analyses
Preparation of parameters has been achieved through the gathering of data from different sources ( Table 1 ). All datasets have been set up in a geo-spatial database for their handling in a GIS environment. Data were digitized and projected into the UTM Zone 33 N reference system; point data (e.g. soil contamination degree) were spatially interpolated by applying an inverse distance weighted (IDW) method. Inverse Distance Weighted (IDW) is a deterministic spatial interpolation widely used to estimate the continuous surface from point data both for groundwater (Deshmukh and Aher 2016; Safarbeiranvnd et al. 2018 ) and soil (Lima et al. 2003) . It is based on the assumption that the sampled values closest to the prediction location have more influence on the predicted value than those farther away. IDW is suitable for small datasets and is appropriate to predict local features of soil pollution. Therefore, it well adapted to our case. The nine obtained layers were prepared as raster grids with a pixel size of 1 Km 2 . The vulnerability maps were built applying a sum of the layers through a map algebra operation (Babiker et al. 2005) .
A sensitivity analysis (SA) was also performed to account for the influence of individual input parameters on the model output; for this purpose the rasters were geoprocessed through map algebra according to the following Eq. 4 (Napolitano and Fabbri 1996) :
Sp is the sensitivity analysis; Rp and Rw are the rating and weights assigned to each parameter respectively; V is the overall vulnerability index of the model used.
Details of Rp and Rw assigned to each parameter are listed in Supplementary Table S1 ; details on raster generation are shown in Section 2.2.4. In order to verify the results of the vulnerability analysis, a statistical validation procedure was performed in R software to determine whether there was a relationship (described by a linear regression model, as also suggested by Ghazavi and Ebrahimi 2015) between the estimated vulnerability degree and the concentration of pollutants in groundwater.
This validation was conducted on a test area (Fig. 3) , for which groundwater chemical analyses were available. The three vulnerability indexes (DRASTIC, SI and SICODE) have been regressed against the nitrate concentration to verify relationship by testing the null hypothesis. We apply the lm function (R environment) to a formula describing the variable "vulnerability index" by the variable nitrate, and then performed the F-statistics for each regression, to ensure that the relationship were statistically significant. Generally a big t value, along with a small p value (significance level ≤ 0.001), means that the null hypothesis is discredited, and we would assert that there is a general relationship between the response and predictors (while a small t, with a big p value indicates that there is no relationship). Therefore, changes in the predictor variable are associated with changes in the response variable. Before accepting the result of the linear regression, residuals were examined in order to verify their randomness and normality.
The accuracy of the vulnerability methods was assessed as in Stigter et al. (2006) , designing a new set of maps by subtracting the nitrate contamination from the assessed vulnerability class. Where the obtained values were minus one, zero or one the vulnerability assessment was considered correct. The assessed vulnerability was considered overestimated for class difference values from 2 to 3, and extremely overestimated when the difference was four or more. In the case of difference less than minus one, the vulnerability was considered underestimated (from −3 to −2) and extremely underestimated (< −3). 
Results and Discussion
The application of DRASTIC method, both in normal and agricultural conditions (Fig. 3a) , has provided a result with few spatial differences in terms of vulnerability degree. It is due to the methodology considering only intrinsic physical characteristics of the area. DRASTIC results have showed that the belt directed from north-west to south-east (in which the municipality of Marcianise, Caivano, Acerra, Marigliano and Nola fall) is characterized by high groundwater vulnerability due to shallow water table in a plain area affected by loose pyroclastic deposits. A low degree of vulnerability was found for groundwaters falling into Mt. Vesuvius area.
Also, agricultural-DRASTIC application (Fig. 3b ) revealed simplified results, which do not account for land type and human activities. Conversely, vulnerability degree, determined by SI (Fig. 3c) , showed a good correspondence with several pollution sources such as industrial, urban and intensive agricultural areas (Fig. 4a) .
Vulnerability degree from moderate to high (> 70) was observed in the Acerra-Nola-Marigliano area, which is characterized by a widespread presence of urban and industrial settlements (Commercial centre of Nola, Acerra incinerator, Montefibre industry) within a territory with a strong agricultural vocation. In addition, a low groundwater depth increases the associated vulnerability. The same vulnerability features are highlighted in the north-western zone bordering the study area. Overall a moderate to high degree of vulnerability (> 60) is widespread throughout the survey area, except for Vesuvian sector.
SI better fitted urbanized environments, since it accounted for land use features. Nevertheless, it represents still a simplification of real soil pollution which might affect the quality of infiltration waters.
The comparison between land use and the degree of soil contamination of the study area ( Fig. 4a, b) is very interesting because i) the moderate to high degree of contamination well traces urban and industrial areas, ii) CD is able to discriminate the variability of the contamination within the same land use class.
SICODE results (Fig. 3d ) reduced the extension of the areas highly vulnerable to groundwater pollution compared to DRASTIC and SI. The sensitivity analysis results (Fig. 5 ) highlight high variability of the model parameters reflecting the local heterogeneity of the information adopted in vulnerability modelling. Regarding the normal DRASTIC, the vulnerability originates essentially from net recharge (mean: 23.9), soil media (mean: 13.9), and aquifer media (mean: 13.51), and, to a lesser extent, from both the hydraulic conductivity of the aquifer (mean: 4.8) and the topography (mean: 6.4). Depth of water table (D) shows a high range of sensitivity reflecting the variance of groundwater depth. In correspondence of low Fig. 4 a Land use map and (b) Soil Contamination Degree map of the study area water table areas (Acerra-Nola-Marigliano), pollutants have less time to be removed by physical, chemical and biological processes and hence reach to groundwater rapidly. Conversely, vulnerability index obtained by agricultural DRASTIC is less sensitive to aquifer media (mean: 10.6) than the normal DRASTIC. Parameters showing higher influence are soil media (mean: 27.3), net recharge (mean: 18.7) and topography (mean: 15.2). The higher influence of topography respect to normal DRASTIC can be explained by the different assigned weights.
Topography accounts for land surface slope and influence the runoff capacity; so, vulnerability is higher with slope decreasing since it provides a greater opportunity for contaminants to infiltrate. SI sensitivity analysis results showed that net recharge (mean: 28.1) is the most influential parameter for groundwater vulnerability followed by aquifer media (mean: 25.7) and land use (mean: 22.5). Parameters influence of SICODE method is comparable to the previous ones (net recharge > aquifer media > land use).
Net recharge showed an important influence for all the analysed methods, as it is the main vehicle for the transport of contaminant: the larger the recharge, the greater the risk of contamination. Although the Contamination Degree parameter has the less mean influence lower on vulnerability estimation through SICODE method, it is the most variable parameter with the highest coefficient of variation (see Supplementary Table S2 ). In the context of natural and anthropogenic contamination sources, CD returned a detailed site-specific information for groundwater vulnerability assessment.
Results Validation
Nitrate concentration data from 25 wells falling within our study area were considered to validate the vulnerability models in a test area (Fig. 3) . Chemical data were collected from April to May 2001 by ENEA (ENEA 2001) . Data included the major dissolved components of groundwaters (anions and cations). Indeed, a linear regression analysis revealed that the nitrate concentration had a significant statistical relationship (p value <0.001) with SI and SICODE groundwater vulnerability assessment methods. This is not surprising since nitrate is the most frequently detected pollutant in groundwater and widespread in many countries of the world. The main causes of NO 3 and trace element contamination are fertilizers and pesticides used in agricultural activities, leached from the soil profile into groundwater (Bocanegra et al. 2001; Pang et al. 2013) . Moreover, in urban and periurban areas, high NO 3 concentrations can be a cumulative result of different activities such as sewage, septic tanks, industrial spillages, contaminated land, landfills, river or channel infiltration, fertilizers used in gardens (Corniello et al. 2007 ). Hariprasad and Dayananda (2013) found that periodically pollutants such as Pb and Hg were detected in wells featuring a high NO 3 pollution.
The accuracy estimation, displayed in Fig. 6 , showed that SI observed class difference ranged from −1 to 4, while SICODE ones ranged from −2 to 3. None of the two methods shows extremely underestimation of vulnerability, highlighting the precautionary trait of them both. However, SI method revealed an extremely overestimation of vulnerability for almost 3% of area, given that a "moderate to high" assessed vulnerability is coupled to low nitrate concentration levels in groundwater.
A correct vulnerability assessment, indicated by no class differences, is observed for almost 73% and 89% of tested area for SI and SICODE methods, respectively, revealing a major accuracy of the latter one. This result can be explained by the addition of the CD parameter in SICODE approach. The introduced change allowed for a better fit of the aquifer vulnerability and nitrate concentration in groundwater of our study area. 
Conclusions
The aim of this study was the development of a new and more accurate method for an aquifer vulnerability assessment to be applied to a mixed agricultural and urbanized environment. The study area was Campania Plain (southern Italy), characterized also by different types of contamination sources (natural, anthropogenic and mixed).
Our results have showed that the well-known and widely used parametric methods for aquifer vulnerability assessment, such as normal and agricultural DRASTIC, are not the best methods to be applied to a mixed agricultural and urbanized environment. It is due to inherent limitations of these approaches, which do not consider the human activities influence as a part of the model parameters.
Indeed, the lack of association between the contamination by agricultural chemicals and the DRASTIC scores have reflected significant limitations to the application of DRASTIC to our study area. Other authors already argued that DRASTIC is not suitable for urbanized environments since it does not account for the anthropogenic influence as a part of the model parameters (e.g. Singh et al. 2015) .
Conversely, SI, which accounts for land use parameter, has returned results more adherent to the environmental features of the investigated area, highlighting high vulnerability degree in correspondence of areas characterized by widespread urban and industrials settlements (which could represent soil contamination sources). However, the proposed new method, named SICODE, better account for the overall surface heterogeneity, since it considers the geochemical composition of soil through the introduction of contamination degree (CD) index.
Comparison of groundwater quality data (nitrate) with SI and SICODE results have revealed the existence of a meaningful correlation. Results of validation analyses showed that SICODE posed a more accurate vulnerability assessment in the studied system (89% of the tested area) rather than SI (73% of the tested area).
Sensitivity analysis has showed that overall net recharge is the most influential parameter for the above-mentioned aquifer vulnerability assessment methods: it is of greatest concern as a promoting factor for aquifers contamination. The results indicated that CD parameter had low influence (on the average) on vulnerability estimation through SICODE. CD variability was the highest though the greater accuracy is explained, as it locally better detailed the specific environmental features of the area. The proposed methodology permits recommendation of a better area selection on which to intervene in order to protect water resources. Indeed, it should be preferred as integration of groundwater protection into land-use planning.
Our future aim is to test the proposed method in areas with different hydrogeological and environmental features, in order to enhance it and optimize it.
In particular, the applicability and the validation of the method should be assessed in presence of Persistent Organic Pollutants (POPs) contamination, which represent the major treat due to their stability and resistance to degradation.
